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Abstract 
Emulsification is an important process for food production. Membrane emulsification is a relatively new technique 
which attempts to improve on traditional emulsification methods by producing each droplet singly, as required. 
Cross-flow membrane emulsification uses the flow of the continuous phase perpendicular to the membrane surface as 
a force to detach the forming droplets from the membrane. Different factors affecting cross-flow membrane 
emulsification were investigated; i.e. cross-flow velocity, trans-membrane pressure and emulsifier concentration. 
Finally, the membrane emulsification system used was compared to a conventional high shear mixer (Silverson).  
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1.Introduction 
Emulsions are a major component of many foods, yet emulsification processes have not changed in 
recent years with droplet break-up systems at the forefront of food processing. Conventional 
emulsification processes such as rotor/stator high shear mixers and high-pressure homogenisers produce a 
bulk emulsion by comminution of the dispersed/internal phase. Despite their widespread usage these 
“top-to-bottom” approaches are associated with a number of disadvantages. For example, droplet size and 
size distribution are not well controlled, which makes batch-to-batch consistency very difficult to achieve. 
In addition such mechanical methods require large inputs of energy [1-5] and subject the emulsion to high 
shear and thermal stresses [1, 2, 4, 6] which may have undesirable effects on sensitive ingredients, such as 
micronutrients, proteins and starches. Alternatively such high stresses may have effects on the emulsion 
microstructure under processing itself; e.g. processing of shear sensitive structures such as double 
emulsions [1, 7].  
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Membrane emulsification offers an alternative to these droplet break-up systems, as emulsion droplets 
in this case are formed individually/one-at-the-time. There are a number of inherent advantages to such 
“bottom-up” approach, namely the greatly reduced energy input required for processing, the much lower 
level of shear that the system is subjected to, and also the fact that far greater control over the formed 
emulsion microstructure can be achieved. The latter has created huge interest in the application of 
membrane emulsification to create “mono-dispersed” (very narrow size distributions) emulsions, 
ostensibly for use in high value products such as drug delivery systems, chromatography beads, and 
luxury cosmetics [8]. Nonetheless, membrane emulsification has also potential uses in the area of foods as 
a method that delivers excellent control over the created emulsion microstructures. It has been actually 
reported [9] that membrane emulsification can be commercially used to produce a low fat spread. 
The aim of this study was to explore the full potential of membrane emulsification in the production of 
food emulsions. A membrane emulsification method, operating under a cross-flow arrangement, was 
developed and tested. The effect of both the process (e.g. cross-flow velocity) and the material (e.g. 
emulsifier concentration) parameters on the structure of a range of simple oil-in-water (o/w) was 
investigated. 
2.Materials & Methods 
In all the produced oil-in-water (o/w) emulsions, the oil phase was commercially available sunflower 
oil and the pure water phase was passed through a reverse osmosis unit and a milli-Q water system. 
Tween 20 (polyoxyethylene 20 sorbitan monolaurate), Tween 80 (polyoxyethylene 80 sorbitan 
monolaurate), SDS (Sodium Dodecyl Sulphate) and Soya Lecithin (phosphatidylcholine) were used to 
stabilise the formed emulsions and were all purchased from Sigma Aldrich (Dorset, UK). All 
emulsifier/surfactant concentrations used in this study, unless otherwise stated, are given as the 
percentage of the weight of each component over the total weight of the system; this is denoted in the text 
using symbol wt%. All materials were used with no further purification or modification of their 
properties.  
The SPG and ceramic (titanium oxide) membrane tubes used in this study were purchased from SPG 
Technologies (Japan) and TAMI industries (France), respectively. The SPG membrane tubes have an 
outer diameter of 10 mm and length of 250 mm and give an approximate membrane surface area of 76 
cm2. The ceramic membranes are of a similar shape except of the 6 mm inner diameter, onto which the 
membrane itself is coated (the rest being made up of a more porous support material) giving a membrane 
surface area of 47 cm2. 
The droplet sizes of all prepared emulsions were measured using a Malvern Mastersizer (UK) with a 
hydro 2000 small volume sample dispersion unit. Droplet size data are all given as volume weighted 
means (D4,3).  
All membranes were housed within a desktop microfiltration module (TAMI Industries, France) which 
allowed for a liquid (dispersed) phase to be pressurised through the membrane. A digital regulator was 
used to regulate the disperse phase pressure. A scaled pressure tank was used to measure the rate of 
disperse phase flux and final phase volume. A gear pump (Cole-Parmer Instrument Co. Ltd., UK) was 
used to re-circulate the continuous phase across the surface of the membrane. The rotor/stator high shear 
mixer used for comparison was a Silverson L4R. 
3.Results & Discussion  
3.1.Effects of process parameters 
The effect of trans-membrane pressure on the droplet size and size distribution of emulsions produced 
by the cross-flow membrane emulsification device was initially investigated; the data obtained are shown 
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in Fig. 1a. Emulsions were produced for a range of trans-membrane pressures, two types of membranes (a 
ceramic membrane and Shirasu Porous Glass (SPG) membrane, both with an average pore size of 1 μm) 
and a constant cross-flow velocity of 0.6 m s-1. All produced o/w emulsions had a final oil fraction of 1% 
and contained 1wt% of Tween 20 as the emulsifier stabilising the formed droplets. By definition trans-
membrane pressure (¨PTM) is the difference between the pressure of the dispersed phase (Pdis) and the 
mean pressure of the continuous phase at the inlet (Pcon,in) and at the outlet (Pcon,out) of the membrane 
device and it can be therefore calculated by the following relation: 
 
 
                                                               (1) 
 
 
The data obtained clearly show that increasing ¨PTM results in an increase in the droplet size of the 
produced emulsions (Fig. 1a) but also in their droplet size distribution (data not shown here), with both 
observations being in agreement with findings published elsewhere [1; 4]. At low pressures (just above 
the minimum pressure possible to induce the dispersed phase to permeate through the membrane – critical 
pressure) the droplets produced by a specific membrane are the smallest possible, and they have the 
smallest size distribution, but the flux through the membrane is generally very low. Increasing the ¨PTM 
increases flux, so understandably there is a trade off between smaller more consistent droplet sizes and 
throughput. The smaller the pore size the higher the critical pressure before droplets are produced, which 
is expected as the smaller the droplets, the greater their Laplace Pressure which must be overcome.  
Nonetheless the observed behaviour appears to be dependant on the type of membrane used. ¨PTM 
must be above a membrane (pore size, configuration and porosity) specific critical pressure (in this study 
typically between 5 and 10 kPa) before any droplets are produced. The ceramic membrane showed three 
distinct regions in the behaviour of the mean droplet size, with increasing ¨PTM (Fig. 1a), and a gradual 
increase in droplet size distribution. Whilst the behaviour of the SPG membranes also exhibits three 
similar regions, there is a difference in their relative magnitude. The ceramic membrane shows a gradual 
increase in droplet size as the pressure is increased from the critical point, corresponding to droplet 
detachment from the membrane surface under cross-flow shear, before the droplet is fully formed. The 
droplet size then begins to increase more rapidly as the pressure is increased further, corresponding to the 
natural detachment size of droplets at that pressure when fully grown at the pore. Additional increases in 
pressure then begin to have less effect as the pressure begins to force a stream of dispersed phase though 
each pore which then breaks up due to Raleigh instabilities. For the SPG membranes the second phase is 
much shorter, and essentially the droplet detachment regime changes from cross-flow shear dependent to 
an injection stream dominant more quickly. This difference is probably due to the effect of the ceramic 
support material limiting the influence of shear on the newly forming droplets at the surface of the 
ceramic membrane (as the membrane surface of the ceramic membranes is not directly exposed to the 
cross-flowing continuous phase as it is in the SPG membranes); therefore pressure remains the dominant 
force determining droplet size for longer. 
, ,
2





'  ¨ ¸
© ¹
923Fotios Spyropoulos et al. / Procedia Food Science 1 (2011) 920 – 926
a.   b.  
Fig. 1. Mean droplet size as a function of (a) trans-membrane pressure (¨PTM) and (b) cross-flow velocity, for ceramic and SPG 
membranes   
 
 
The speed at which the continuous phase is flowing across the membrane surface (cross-flow velocity) 
affects the droplet size most for ¨PTM values where cross-flow shear is the major cause for droplet 
detachment. Increasing the cross-flow velocity causes the droplets to detach sooner and these are 
therefore smaller. Fig. 1b shows the data obtained for the two membrane types (ceramic and SPG) 
operating at varying cross-flow velocities. Emulsions containing 1% disperse phase volume, using 1% 
Tween 20 as the emulsifier, and at a constant ¨PTM of 60 kPa for the SPG and 40 kPa for the ceramic 
membrane, were produced. These pressures were selected as they are in the regime were cross-flow 
velocity determines the detachment and hence the final droplet size. As the cross-flow velocity was 
increased during testing, the pressure in the continuous phase through the membrane module increased so, 
in order to keep ¨PTM constant, the disperse phase pressure was increased accordingly.  
The results show that, as the cross-flow velocity is varied, the droplet size of the emulsions is reduced, 
with the effect being particularly pronounced when SPG membranes are used, probably due to the fact 
that the pores are directly exposed on the membrane surface. In the case of ceramic membranes where, as 
previously explained, the pores are partially protected from the shear force by a coarser ceramic support 
material, droplet size is less sensitive to increases in cross-flow velocity. At higher cross-flow velocities 
the shear force is enough to reduce the mean droplet size / mean pore size ratio to less than 2:1, with 1.8 
μm droplets being produced from a 1 μm pore size membrane (the generally accepted ratio for oil in 
water emulsions with membrane emulsification is around 5:1[5]).  
3.2.Effects of material parameters 
Emulsifiers are required to stabilise the emulsion droplets as they are formed at the membrane’s 
surface, therefore the effect of emulsifier concentration and type was also studied (Fig. 2). An SPG 
membrane of a pore size of 1 μm was used to make sunflower oil-in-water emulsions in the presence of 
different types of emulsifiers and at varying emulsifier concentrations. The trans-membrane pressure was 
kept at 60 kPa and the cross-flow velocity was set at 0.6 ms-1, as these settings correspond to a small 
mean droplet size and a reasonable flux. All experiments were carried out until a 1% dispersed phase 
volume was achieved. 
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Fig. 2. The effects of different emulsifier types and concentrations on the droplet sizes produced by membrane emulsification 
 
The chemical emulsifiers (SDS, Tween 20, and Tween 80) have very similar effects with changes in 
concentration, and have similar mean droplet sizes above 0.4% wt. concentration. Between 0.01 and 0.4% 
wt. the mean droplet size decreases rapidly (the higher the HLB (hydrophile-lipophile balance) of the 
emulsifier used the faster the decrease) with SDS achieving the more rapid mean droplet size reduction. 
In addition it was shown that the mean droplet size of the produced emulsions is reduced faster, as a 
function of emulsifier concentration, in the cross-flow membrane emulsification system than when 
emulsification is carried out using a more traditional rotor/stator mixer such as the Silverson L4R (data 
not shown here). In other words membrane emulsification appears to be more efficient in its use of 
emulsifier, i.e. the same droplet sizes can be achieved using less emulsifier than is required by many 
traditional systems. It is likely that this difference occurs because in droplet break-up systems excess 
emulsifier is required to reduce coalescence due to collisions in the high shear environment, whereas this 
effect is already minimised in the membrane emulsification process (lower shear, less collisions, no large 
droplets present). Another possible explanation may be given by the fact that in droplet break-up systems 
interfacial area is increased very rapidly, and so excess emulsifier is required to increase the rate of 
emulsifier adsorption at the interface. However, in membrane emulsification the interfacial area is 
increased less steeply and so less emulsifier is required. It should be stressed that this doesn't mean lower 
throughput, as droplets in membrane emulsification are only formed once, rather than be broken down 
again and again to form smaller droplets, as it happens in droplet break-up processes.   
The biologically derived emulsifier lecithin, (in this case from soya) shows a very different effect on 
the mean droplet size with changes in concentration (Fig. 3). Lecithin forms a more elastic interface [9], 
allowing droplets at the membrane pores to grow larger before they detach. This leads to generally larger 
droplets, a slower decrease in mean droplet size with increasing emulsifier concentration, and also larger 
droplet size distributions.  
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Fig. 3. The comparison of emulsifier usage for an emulsion produced by membrane emulsification or a high shear mixer (Silverson)  
 
Finally membrane emulsification was compared to a more conventional high shear mixing (Silverson) 
emulsification process, in terms of emulsion microstructure “building” efficiency. The membrane device 
was set up with a 1μm SPG membrane at 60 kPa trans-membrane pressure, and a cross-flow velocity of 
0.6 ms-1. Both processes were operated for a similar period of time and a temperature increase of a30ºC 
was detected for high shear mixing compared to a less than 5ºC increase caused by ME; a strong 
indication that membrane emulsification is a more ideal process for systems containing heat-sensitive 
species. Fig. 3 compares the emulsions’ droplet sizes as a function of Tween20 concentration for a 
Silverson and the ceramic membrane. The obtained data show that droplet size decreases more rapidly for 
ME than for the Silverson and also that for the former an equilibrium droplet size is achieved at much 
lower emulsifier content. This is probably due to the much slower increase in interfacial area (which the 
emulsifier will adsorb to) when droplets are produced one-at-a-time (ME) rather than when they are 
rapidly comminuted to size (Silverson). In the latter case the higher emulsifier concentration is required to 
allow more rapid adsorption at the interface(s).   
4.Conclusions 
Membrane emulsification can produce emulsions with a large range of droplet sizes and size 
distributions. The membrane type and process configuration can be chosen to produce the specific 
droplets required. Increasing the ¨PTM increases the droplet sizes produced. Both SPG and ceramic 
membranes, as the pressure increased, show a behaviour that can be roughly divided in three distinct 
regions, each corresponding to a different mechanism of droplet detachment. Increasing cross-flow 
velocity decreases droplet size, however an increase in ¨PTM is required to maintain trans-membrane flux. 
Membrane emulsification is capable of producing emulsions with different emulsifiers, including ones 
that would naturally stabilise emulsions with the opposite phase sense (lecithin in this study stabilising 
water continuous rather than oil continuous emulsions) and by using lower concentration of emulsifier 
than those required when processing in rotor/stator devices. As less shear and less thermal stress is 
applied to the emulsion during production than in rotor/stator comparison systems, membrane 
emulsification has the potential to be used for the incorporation of “sensitive” ingredients into food 
formulations. Overall membrane emulsification affords a high degree of control over the droplets being 
produced; for example, a simple change in cross-flow velocity will produce a predictable and consistent 
change in the droplets mean size and size distribution.  
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